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Upgrading  biogas,  i.e.,  the  removal  of  C02  from  CH4  is  an  attractive  regenerative  energy  as  it  is  supplied 
continuously.  Conventional  upgrading  techniques  such  as  absorption  or  adsorption  require  significant 
amounts  of  energy  and  require  equipment  of  large  size.  Hence,  we  give  an  overview  on  gas  permeation 
membrane  processes  which  are  applied  in  biogas  upgrading.  Here,  we  consider  the  upgrading  process 
as  a  whole.  The  multiscale  design  of  membrane-based  gas  separation  is  analyzed  in  detail.  Membrane 
materials,  gas  permeation  modules  and  their  respective  operation  as  well  as  gas  permeation  processes 
for  biogas  upgrading  are  investigated.  Applying  gas  permeation  modules,  compression  of  the  feed  gas 
should  be  used  since  it  is  energy  efficient  for  gases  with  high  amounts  of  C02.  Single  stage  gas 
permeation  processes  are  not  able  to  produce  a  high  CH4  purity  and  simultaneously  obtain  a  high  CH4 
recovery.  Hence,  multistage  concepts  are  mandatory.  Membrane-based  upgrading  systems  are  an 
interesting  alternative  to  conventional  biogas  upgrading  equipment  and  we  expect  that  they  will 
significantly  contribute  to  the  energy  supply  of  the  future. 
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1.  Introduction 

The  transition  from  a  fossil-based  energy  supply  to  energy 
generation  from  renewable  resources  is  mandatory  but  still  pend¬ 
ing  [1].  Using  biogas  generated  from  organic  substances  can  support 
this  transition  [2].  In  Europe,  the  biogas  production  in  2007  was 
69  TWh  (for  comparison:  600  MW  coal  fired  power  plant  5  TWh)  [3] 
but  the  economic  potential  is  not  exploited,  yet  [4]. 

Biogas  is  either  used  in  combined  heat  and  power  engines  (CHP) 
or  it  is  used  as  a  natural  gas  substitute  by  removing  C02  from  CH4. 
Today,  most  biogas  plants  operate  by  combusting  the  gas  on-farm  in 
CHPs,  which  is  inefficient  when  the  produced  heat  cannot  be 
utilized.  Hence,  the  electrical  power  efficiency  is  less  than  40%  [5-7]. 

Upgrading  the  raw  biogas,  which  is  often  referred  to  as  bio¬ 
methane,  and  supplying  this  gas  to  the  natural  gas  grid,  seems  an 
attractive  alternative  to  its  utilization  in  CHPs.  Biomethane  can  be 
used  for  both  energy  generation  and  as  feedstock  for  the  chemical 
industry  [8].  In  contrast  to  on-farm  CHPs,  the  supply  of  biomethane 
to  the  natural  gas  grid  and  the  subsequent  utilization  of  the  gas  in 
combined  large  size  heat  and  power  cycles  is  more  efficient  as  the 
generated  heat  is  utilized  by  customers  demanding  large  quantities 
of  heat,  such  as  district  heating  or  industrial  customers  [9]. 

Recently,  first  biogas  upgrading  plants  were  installed  in  Europe 
and  in  the  US  [10,11]  using  technologies  from  the  chemical  process 
industry  and  natural  gas  treatment  to  remove  C02  from  CH4.  These 
technologies  are  well  established  but  have  drawbacks  such  as  the 
large  size  of  the  equipment  required  and  its  high  energy  demand. 
Membrane  technology  is  an  alternative  to  conventional  gas  separa¬ 
tion  processes  as  gas  permeation  membranes  address  most  of  the 
aforementioned  drawbacks. 

Thus  the  present  study  is  a  review  of  membrane-based  biogas 
upgrading  systems.  As  shown  in  Fig.  1 ,  membrane  processes  have  to 
be  designed  with  a  multiscale  approach.  Appropriate  membrane 
materials,  as  well  as  an  efficient  module  and  process  design, 
determine  the  competitiveness  with  conventional  separation  tech¬ 
nology.  In  this  study,  various  membrane  materials  will  be  presented. 
Commercial  gas  permeation  module  suppliers  and  their  correspond¬ 
ing  module  designs  will  be  identified.  The  main  focus  of  the  present 
study  is  the  membrane-based  process  design  which  includes  single 
and  multistage  gas  permeation  processes  as  well  as  hybrid  processes 
in  which  gas  permeation  modules  are  combined  with  conventional 
separation  equipment.  Ultimately,  a  reflection  on  the  future  per¬ 
spectives  of  membrane-based  biogas  upgrading  will  be  presented. 

2.  The  potential  of  biogas  in  the  energy  supply  of  the  future 

Biogas  is  generated  by  the  digestion  of  organic  matter  in 

•  sewage  plants, 

•  landfills, 


Fig.  1.  Characteristics  of  membrane  process  design.  First  a  membrane  material  has 
to  be  selected.  Then  an  adequate  module  has  to  be  chosen,  and  finally  the  module 
has  to  be  integrated  into  the  process. 


•  industrial  wastes, 

•  agricultural  production. 

Hence,  biogas  can  be  used  as  an  energy  source  in  industrialized  as 
well  as  in  developing  countries. 

The  world  energy  demand  in  2050  will  be  more  than  1000  EJ/a. 
Resch  et  al.  [12,13]  report  that  the  bioenergy  use  in  2004  has  been 
50  EJ.  However,  they  distinguished  between  four  different  energy 
potentials,  which  are  the  theoretical,  the  technical,  the  realizable, 
and  the  mid-term  potential.  For  energy  supplied  by  biomass,  they 
report  a  theoretical  potential  of  2900  EJ  and  a  technical  potential 
of  250  EJ.  McKendry  [14]  notes  that  biomass  has  currently  a  share 
of  10-14%  in  the  world’s  energy  supply. 

Other  studies  note  that  bioenergy  will  contribute  10%  to  the 
future  energy  supply  [15].  The  share  of  biogas  is  expected  to  be 
25%  of  the  total  bioenergy  [16]. 

Although  the  contribution  of  biogas  to  the  future  energy  mix 
seems  to  be  marginal,  it  is  an  important  energy  source  in  some 
regions  [17-19].  In  contrast  to  solar  and  wind  based  energy 
supplies,  biogas  is  produced  continuously,  so  that  it  can  be  used 
for  a  base  load  energy  supply. 

3.  Process  description 

The  size  of  biogas  plants  in  rural  areas  is  limited  by  the 
economics  of  transporting  the  material  for  digestion  [20,21]. 
Typical  biogas  plants  generate  raw  gas  flow  rates  of  less  than 
4000  m3/h  [5].  The  raw  gas  leaves  the  fermenter  at  a  pressure  of 
about  1.1  bar  and  a  temperature  of  30  °C. 

Fig.  2  shows  the  process  steps  in  biogas  upgrading.  The  biogas 
is  generated  in  a  fermenter  and  the  biogas  leaves  the  fermenter 
saturated  with  water.  The  most  important  cleaning  step  is  C02 
removal,  which  is  referred  to  as  upgrading  the  biogas.  In  addition, 
water  vapor  and  H2S  have  to  be  removed.  Subsequently,  the 
upgraded  and  cleaned  biogas  is  compressed  and  injected  into  the 
natural  gas  grid  as  a  natural  gas  substitute.  The  sequential 
arrangement  of  the  various  process  steps  shown  in  Fig.  2  depends 
on  the  corresponding  upgrading  technology  [5]. 

Table  1  illustrates  the  biogas  composition  when  the  raw  gas 
leaves  the  fermenter.  The  raw  biogas  consists  mainly  of  CH4  and 
C02  and  the  composition  is  highly  dependent  on  the  biogas 
source  and  the  applied  substrate  for  fermentation  [22,23].  Minor 
components  such  as  H2S  or  NH3  are  generated  during  fermenta¬ 
tion  and  these  components  also  have  to  be  removed  before  the 
upgraded  gas  is  fed  to  the  natural  gas  grid. 

In  order  to  inject  the  gas  into  the  natural  gas  grid,  the  gas  has 
to  be  purified  and  it  has  to  meet  the  corresponding  pipeline 
specifications.  Table  2  presents  the  pipeline  specifications  for 
natural  gas  injection  in  the  US,  in  Austria,  and  in  Germany.  In  the 
UK,  no  standard  has  yet  been  developed  [24].  In  the  US  the  C02 
content  is  specified,  which  has  to  be  lower  than  2  vol%,  while  in 
Germany  the  Wobbe-index  is  used  to  control  the  gas  quality. 

4.  State  of  the  art  processes 

Conventional  C02  separation  equipment  is  well  established  in 
the  chemical  industry.  Processes  such  as  physical  and  chemical 
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Fig.  2.  Biogas  upgrading  process  illustrating  the  required  separating  and  polishing  steps  from  the  fermenter  to  the  natural  gas  grid.  C02,  H2S,  and  water  vapor  have  to  be 
removed  before  the  gas  is  injected  into  the  pipeline. 


Table  1 

Mole  fractions  of  biogas  components  [10]  prior  to  the  upgrading.  The  typical  range 
of  biogas  composition  is  given.  A  specified  composition  is  presented  prior  and 
subsequent  to  compression.  As  water  will  condense  during  the  interstage  cooling, 
the  mole  fractions  change  significantly. 


Component 

Typical  range 

ch4 

0.45-0.75 

co2 

0.25-0.55 

h2o 

0.031 

n2 

0.0001-0.05 

02 

0.0001-0.02 

h2s 

0.000006-0.02 

Organic  sulfur  molecules 

<  0.00002 

nh3 

<  0.000006 

Benzene,  toluene,  xylene 

<  0.000001 

Siloxanes 

<  0.0000007 

absorption  as  well  as  adsorption  are  used  in  biogas  upgrading 
[29]. 

Fig.  3  depicts  an  absorption  process  in  which  amines  are  used  to 
remove  the  C02.  An  absorption  column  and  a  desorption  column  are 
combined  so  that  the  amine  solution  can  be  regenerated  continu¬ 
ously.  The  amine  solution  is  regenerated  by  heating  the  liquid  using 
steam.  The  C02  is  stripped  from  the  amine  solution. 

The  advantage  of  amine  scrubbing  is  that  high  CH4  purities 
(  >  95%)  and  low  CH4  losses  (  <  0.1%)  are  achieved  [10,5].  How¬ 
ever,  the  application  of  amine  scrubbing  is  energy  intensive,  as 
steam  has  to  be  supplied  to  regenerate  the  amine  solution. 
Furthermore,  the  amine  solution  is  sensitive  to  impurities  of 
H2S  and  thus  H2S  has  to  be  removed  before  the  raw  gas  enters 
the  absorption  column.  The  amine  scrubber  operates  at  ambient 
pressure  and  the  product  gas  is  obtained  at  this  low  pressure,  so 
that  a  subsequent  compression  is  required.  Amines  are  toxic  and 
malfunction  of  the  upgrading  plant  may  harm  the  environment 
and  have  an  impact  on  the  humans  and  animals  at  the  site.  In 
addition,  absorption  columns  are  voluminous.  The  equipment  size 
is  not  a  crucial  issue  in  biogas  upgrading  in  agricultural  produc¬ 
tion.  However,  the  equipment  size  determines  the  capital  costs. 

A  water  scrubbing  process  is  presented  in  Fig.  3.  Two  columns, 
one  absorption  column  and  one  desorption  column,  are  required. 
C02  is  absorbed  in  the  water  at  elevated  pressures.  The  water  is 
regenerated  by  decompressing  the  water  and  by  feeding  a  strip¬ 
ping  gas  to  the  desorption  column.  Accordingly,  no  heat  is 
required  to  remove  the  C02  from  the  water. 

The  pressurized  water  scrubbing  process  operates  using  only 
water  as  a  solvent,  which  is  more  secure  than  applying  chemical 
solvents.  The  absorption  process  is  performed  at  elevated  pressures 
so  that  the  product  gas  is  already  pressurized.  However,  as  water 
scrubbers  operate  basically  at  pressures  of  less  than  lObar,  the 
upgraded  gas  has  to  be  compressed  to  grid  pressure.  Since  H2S  cannot 


be  completely  removed  from  the  water  in  the  regeneration  some  of 
the  water  has  to  be  removed  in  order  to  prevent  accumulation  of 
sulfur  components  in  the  solvent.  The  selectivity  of  absorbing  C02 
and  CH4  is  limited,  which  results  in  significant  CH4  losses. 

In  addition  to  the  liquid  separation  processes,  adsorption  can  be 
applied  to  capture  C02  on  solid  surfaces  [30-32].  Fig.  3  shows  a 
typical  pressure  swing  adsorption  process.  In  general  adsorption  is  a 
discontinuous  process,  but  the  application  of  multiple  adsorption 
vessels  transforms  the  discontinuous  process  into  a  continuous 
process.  While  one  vessel  is  adsorbing  the  C02  molecules  from  the 
bulk  CH4  stream,  the  other  adsorption  vessels  are  regenerated.  To 
adsorb  C02  molecules,  the  raw  gas  has  to  be  compressed.  The  loaded 
vessels  are  regenerated  by  lowering  the  pressure  in  the  vessel  and 
the  adsorbed  molecules  desorb.  Two  types  of  adsorption  mechanism 
can  be  used  to  separate  C02  and  CH4,  which  depend  on  the  solid 
material.  Both  rate  limited  and  equilibrium  limited  adsorption  are 
applied  in  industrial  scale  separation  systems. 

Using  pressure  swing  adsorption,  gases  with  high  methane 
purities  ( >  98%)  are  produced  [5].  However,  significant  methane 
losses  cannot  be  avoided  as  some  methane  also  adsorbs  on  the 
solid  surface.  Some  pressure  swing  adsorption  suppliers  have 
optimized  the  system  using  six  vessels,  and  obtain  methane 
recoveries  higher  than  98%  [5].  The  system  is  rather  complex  and 
it  requires  intensive  control  and  maintenance  due  to  its  moving 
parts  (control  valves).  As  the  pressure  swing  adsorption  operates  at 
moderate  pressure,  the  purified  gas  has  to  be  compressed  in  an 
additional  compressor.  Furthermore,  there  is  a  tradeoff  between 
methane  purity  and  methane  recovery  [10]. 

In  order  to  obtain  high  purities  for  both  gas  components  C02  and 
CH4,  cryogenic  separation  can  be  used  [33,34].  However,  this  separa¬ 
tion  technique  requires  large  quantities  of  energy  as  the  gas  mixture 
is  chilled  down  to  less  than  -  80  °C.  The  boiling  point  of  CH4  is  at 
- 162  °C  and  the  sublimation  of  C02  is  at  -78.5  °C  (both  at  standard 
pressure).  The  required  CH4  purity  for  natural  gas  grid  injection  is 
96%,  but  the  CH4  purity  obtained  from  cryogenic  separation  is 
significantly  higher,  which  is  inefficient.  Moreover,  cryogenic  separa¬ 
tion  requires  large  processing  equipment,  and  driving  this  process  is 
demanding  of  energy.  Accordingly,  cryogenic  separation  is  not  used 
in  biogas  upgrading. 

Detailed  information  on  conventional  upgrading  equipment  is 
available  in  [5,35].  Table  3  compares  the  various  conventional 
upgrading  processes  in  terms  of  electrical  and  thermal  energy 
demand  as  well  as  in  terms  of  specific  upgrading  costs.  The  energy 
demand  corresponds  to  the  flow  rate  of  the  product  gas.  The  specific 
upgrading  cost  is  related  to  the  energy  content  of  the  product  gas. 

The  aforementioned  analysis  of  conventional  process  equipment 
for  biogas  upgrading  indicates  the  following  main  drawbacks: 

•  The  processes  are  energy  intensive. 

•  The  CH4  rich  product  gas  is  at  low  pressure. 
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Table  2 

Pipeline  specifications  when  supplying  upgraded  biogas  to  the  natural  gas  grid:  German,  Austrian,  and  US  standards. 


Component 

Unit 

Germany 

Austria 

US 

Wobbe  index 

kWh/m3 

15  (12.8-15.7) 

13.25-15.72 

Upper  heating  value 

kWh/m3 

8.4-13.1 

10.7-12.8 

Lower  heating  value 

kWh/m3 

8.4-13.1 

10.7-12.8 

9.8-11.4 

02  dehydrated  gas  networks 

mol% 

<3 

<4 

<0.2-1 

02  not  dehydrated  gas  networks 

mol% 

<0.5 

<0.5 

<0.2-1 

h2s 

mol% 

<  0.0003 

<  0.0004 

<  0.00037 

h2o 

<  dewpoint 

<  dewpoint 

<120  ppm 

co2 

mol% 

<2-4 

Ref. 

[25,26] 

[27,28] 

a 


Raw 


Fig.  3.  State  of  the  art  biogas  upgrading  technologies,  (a)  shows  an  amine  absorption  process,  (b)  is  a  water  scrubbing  process  and  (c)  is  pressure  swing  adsorption. 


Table  3 

Comparing  conventional  upgrading  equipment  for  C02  removal.  Pressure  swing  adsorption  (PSA),  chemical  absorption  using  amine  scrubbing,  and  physical  absorption 
applying  pressurized  water  scrubbing  are  compared.  The  data  is  adapted  from  a  technical  report  by  Fraunhofer  Umsicht  [5]. 


Unit 

PSA 

Amine  scrubbing 

Water  scrubbing 

Specific  electrical  energy  demand3 

kW  h/m3  (STP) 

0.25 

0.15 

0.25 

Specific  upgrading  costs5 

Euro  cent/kW  h 

1.31 

1.35 

1.25 

Specific  thermal  energy  demand 

kW  h/m3  (STP) 

0.7-0.75 

0.3-0.8 

— 

Product  pressure 

bar 

4-7 

1.1 

4-7 

CH4  recovery 

- 

0.97 

0.999 

0.98-0.99 

Supplier 

CarboTech  Engineering  (D),  Cirmac  (NL), 
QuestAir  (CAN),  Verdesis  (CH) 

DGE  (D),  MT-Biomethan  (D), 
CarboTech  (D),  Cirmac  (NL) 

Flotech  (S,  NZ),  Malmberg  (S), 
YIT(S),  RosRoca  (D) 

a  Including  compression  up  to  7  bar. 
b  Referred  to  the  product  gas. 


•  Complex  systems  involving  several  process  steps  are  required 
to  remove  C02,  H2S,  as  well  as  H20,  hence  reducing  the  robust¬ 
ness  of  the  system. 

•  Large  equipment  sizes. 

•  Associated  materials  such  as  water,  amines,  or  activated  carbon 
are  required. 

Membrane-based  gas  separation  seems  able  to  address  these 

drawbacks.  Typical  advantages  of  gas  permeation  processes  are 

[36,37]: 

•  High  energy  efficiency. 

•  Low  capital  costs. 


•  Robustness  of  the  process. 

•  Ease  of  operation  and  maintenance. 

•  Small  footprint  due  to  high  packing  densities  of  membrane 
material  in  the  respective  membrane  modules. 

•  Product  gas  already  at  natural  gas  grid  pressure. 

A  membrane-based  separation  plant  is  mainly  designed  to 
remove  C02  from  the  CH4  bulk.  However,  trace  components  in 
the  raw  biogas  such  as  hydrogen  sulfide  or  water  vapor  permeate 
even  faster  through  the  membrane  than  C02  [38].  Therefore,  gas 
permeation  membranes  could  remove  C02,  hydrogen  sulfide,  and 
water  vapor  in  one  step  if  sufficient  driving  force  for  permeation 
is  provided.  Fig.  4  shows  that  in  conventional  biogas  upgrading 
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Fig.  4.  The  various  unit  operations  in  biogas  upgrading  are  shown  from  the  fermenter  to  the  natural  gas  grid.  Generally,  each  individual  separation  is  done  by  one 
individual  unit.  The  membrane  system  can  perform  the  three  separation  steps  in  one  step,  which  is  an  advantage  compared  to  conventional  equipment  for  C02  removal. 


processes,  the  removal  of  single  gas  components  is  performed  by 
individual  units. 


5.  Membranes  for  biogas  removal 

Membrane-based  biogas  upgrading  is  an  alternative  to  con¬ 
ventional  upgrading  technologies.  In  the  recent  past,  gas  permea¬ 
tion  membranes  have  frequently  been  applied  to  natural  gas 
treatment  [28,37-43].  Therefore,  it  is  reasonable  to  adapt  these 
membrane  processes  to  biogas  upgrading  [44,45],  since  the  gas 
mixtures  involved  are  similar.  However,  the  process  conditions  in 
natural  gas  treatment  and  biogas  upgrading  are  different.  The 
natural  gas  is  under  pressure  when  it  leaves  the  natural  gas  field 
whereas  in  biogas  upgrading,  the  raw  gas  has  to  be  compressed  to 
the  pipeline  pressure. 

Basically,  two  entirely  different  membrane  processes  can  be 
applied  for  the  separation  of  C02  and  CH4  which  are  the  application 
of  gas  permeation  membrane  [35,46-49]  and  the  application  of 
membrane  contactors  [50-52],  respectively.  Since  conventional 
membrane-based  gas  separation  is  commonly  done  by  gas  permea¬ 
tion,  the  present  study  focuses  on  gas  permeation  membranes  as 
this  technology  is  already  a  mature  and  is  frequently  applied. 

5.2.  Membrane  materials 

The  membranes  in  biogas  plants  have  to  withstand  harsh 
process  conditions  as  significant  quantities  of  H2S  and  H20  are 
present  and  the  gas  is  pressurized.  Thus,  the  membrane  material 
has  to  be  chemically  resistant  to  those  gases.  Furthermore,  the 
membrane  material  has  to  withstand  pressures  of  more  than 
25  bar  and  temperatures  of  more  than  50  °C. 

Various  membrane  materials  are  able  to  separate  C02  and  CH4 
and  both  polymeric  as  well  as  inorganic  materials  can  be  used. 
However,  in  industrial  scale  gas  separation,  only  polymeric 
membrane  materials  are  applied  [39],  due  to  their  low  manufac¬ 
turing  cost  compared  to  inorganic  materials. 

Basu  et  al.  [53]  have  compiled  and  reviewed  current  mem¬ 
brane  materials  for  C02/CH4  separation.  Table  4  presents  these 
materials  and  their  permeability  P  and  C02/CH4  selectivity,  which 
is  given  in  terms  of  the  ideal  separation  factor: 


The  membrane  materials  are  evaluated  in  terms  of  technology 
maturity.  Here,  materials  which  are  commercially  available  and 
which  are  manufactured  in  large  quantities  are  referred  to  as 
commercial.  Materials  which  have  recently  been  developed  and 
are  still  under  investigation  are  labeled  as  research. 

Many  of  the  recently  developed  materials  show  outstanding 
permeability  and  selectivity  data,  such  as  SAPO-34  membranes 


Table  4 

Membrane  materials  suitable  for  biogas  upgrading  were  analyzed  by  Basu  et  al. 
[53].  The  permeability  is  presented  in  Barrer.  Polymers  as  well  as  mixed  matrix 
membranes  (MMM)  can  be  applied.  In  contrast  to  polymeric  membranes  which 
are  commercially  available,  mixed  matrix  membranes  have  not  reached  this  stage 
yet  and  are  under  investigation. 


Group 

Material 

co2 

(barrer) 

a  (CO 2/ 

ch4) 

Development 

Polymer 

CA 

6.3 

30.0 

Commercial 

Polymer 

EC 

26.5 

1.4 

Commercial 

Polymer 

PC 

4.2 

32.5 

Commercial 

Polymer 

PDMS 

2700.0 

3.4 

Commercial 

Polymer 

PI 

10.7 

42.8 

Commercial 

Polymer 

PMP 

84.6 

5.8 

Commercial 

Polymer 

PPO 

75.8 

6.9 

Commercial 

Polymer 

PSf 

5.6 

22.4 

Commercial 

MMM 

CNT-PDMS 

190.0 

5.6 

Research 

MMM 

Silica  nanoparticles-PSf  (10%  np) 

9.2 

24.5 

Research 

MMM 

SWNT-PSf(10%  SWNT) 

5.2 

18.4 

Research 

MMM 

Cu-BPY-HFS-PI(30  wt) 

10.4 

27.5 

Research 

[54-56].  However,  it  is  difficult  to  manufacture  these  materials  in 
industrial  scale  quantities  [56]  and  it  is  not  expected  that  these 
materials  can  be  manufactured  in  industrial  scale  quantities 
within  the  next  few  years. 

Polymeric  membrane  materials  are  commonly  applied  in  gas 
permeation.  The  most  frequently  applied  and  suitable  membranes 
for  natural  gas  treatment  are  polyimides  and  cellulose  acetate 
membranes  [57,28].  However,  cellulose  acetate  membranes  are 
sensitive  to  water  vapor.  Without  pretreatment,  cellulose  acetate 
membranes  are  unsuitable  for  biogas  upgrading  [28]. 

5.2.  Conceptual  process  design 

Fig.  8  presents  the  basic  flowsheet  of  the  membrane-based 
biogas  upgrading  process  and  the  required  unit  operations  when 
gas  permeation  membranes  are  applied.  The  raw  gas  is  compressed 
to  the  required  pipeline  pressure.  The  pressure  is  slightly  higher 
than  the  pipeline  pressure  in  order  to  overcome  the  pressure  losses 
in  the  upgrading  equipment  and  the  piping  system.  Subsequent  to 
the  compression,  the  gas  flows  to  a  heat  exchanger  to  control  the 
gas  temperature  and  to  avoid  high  temperatures  in  the  membrane 
system.  Then  the  gas  enters  the  membrane  system  to  purify  the 
gas.  A  fine  desulfurization  unit  lowers  the  hydrogen  sulfide  level 
when  the  membrane  system  is  not  able  to  achieve  the  required 
hydrogen  sulfide  level.  Finally,  the  purified  methane  reaches  the 
natural  gas  grid. 

6.  Membrane  modules 

For  gas  permeation,  three  types  of  modules  exist:  hollow  fiber 
modules,  spiral  wound  modules,  and  envelope  type  modules  [58]. 
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Table  5  presents  and  evaluates  the  various  types  of  gas  permea¬ 
tion  modules. 

Due  to  the  high  packing  densities,  the  application  of  hollow 
fiber  and  spiral  wound  modules  is  common.  The  gas  is  com¬ 
pressed  before  it  enters  the  membrane  system.  The  compression 
equipment  has  to  be  protected  from  particles  as  well  as  liquids 
and  the  corresponding  components  are  removed  prior  to  compres¬ 
sion.  Hence,  hollow  fiber  modules  can  be  used  without  further 
pretreatment.  Table  6  depicts  the  membrane  module  suppliers  for 
treating  natural  gas  streams  with  the  module  type  and  the  polymer 
used  to  separate  C02  and  CH4,  respectively. 

7.  Operating  membrane  modules 

Operating  gas  permeation  modules  is  accompanied  by  various 
physical  effects  which  may  influence  the  module  performance 
and  should  be  considered  when  designing  gas  permeation  plants. 
Fig.  5  depicts  these  effects. 

7.2.  Joule-Thomson  effect 

The  permeation  of  a  gas  from  the  pressurized  side  of  a 
membrane  to  the  unpressurized  side  can  be  considered  as  an 
isenthalpic  decompression  of  the  gas.  As  the  pressure  changes  due 
to  permeation  and  the  composition  of  the  gas  is  constant,  the 
temperature  has  to  change.  Details  on  the  Joule-Thomson  Effect 
were  reported  by  Coker  et  al.  [60],  Gorissen  [61],  Welsch  [62]  and 
Scholz  et  al.  [63].  The  Joule-Thomson  effect  results  in  significant 
cooling  of  both  the  raw  gas  on  the  feed  side  of  the  gas  permeation 
module  and  the  gas  on  the  permeate  side.  The  lower  temperature 
in  the  module  influences  the  thermodynamic  behavior  of  the  gas 
as  well  as  the  mass  transfer  through  the  membrane  [61]. 

The  lower  temperature  may  result  in  the  condensation  of 
gases.  The  mass  transfer  of  gas  molecules  through  the  polymeric 
membrane  materials  increases  with  increasing  temperature, 
while  the  selectivity  decreases  with  increasing  temperature.  As 


Table  5 

Comparison  hollow  fiber,  spiral  wound,  and  envelope  type  gas  permeation 
modules.  Adapted  from  [59]. 


Unit 

Hollow 

fiber 

Spiral 

wound 

Envelope 

Packing  density 

m2/m3 

<10000 

200-1000 

30-500 

Approximate  area  per 
module 

m2 

300-600 

20-40 

5-20 

Costs  for  module 

Pretreatment 

requirements 

US-$/m2 

2-10 

High 

10-50 

Fair 

50-200 

Minimal 

permeance  decreases  with  decreasing  temperature,  a  larger 
membrane  area  is  required  to  obtain  the  pipeline  purity. 

7.2.  Pressure  losses 

Pressure  losses  in  gas  permeation  modules  are  common.  On 
both  sides  of  the  membrane,  pressure  losses  reduce  the  driving 
force  of  permeation.  In  general,  these  pressure  losses  are  small. 
Nevertheless,  pressure  losses  are  pronounced  at  subambient 
pressure  on  the  permeate  side  of  the  module.  A  detailed  analysis 
of  pressure  losses  in  hollow  fiber  gas  permeation  modules  was 
reported  by  Rautenbach  et  al.  [64]  and  Scholz  et  al.  [63]. 

7.3.  Concentration  polarization 

Due  to  the  selective  permeation  of  gas  molecules,  the  retained 
gas  species  molecules  accumulate  at  the  membrane  surface.  This 
phenomenon  is  referred  to  as  concentration  polarization  [65-67]. 
It  is  highly  dependent  on  the  flux  of  the  components  through  the 
membrane  and  the  higher  the  flux,  the  more  pronounced  is  the  con¬ 
centration  polarization.  Concentration  polarization  reduces  the  mass 
transfer  through  the  membrane.  Both  the  process  selectivity  as  well 
as  the  flux  are  reduced.  Concentration  polarization  occurs  in  the 
porous  support  of  the  membrane  and  in  the  boundary  layers.  Details 
on  the  effects  of  concentration  polarization  can  be  found  in  [66,67, 
63].  The  permeances  of  commercially  available  membrane  materials 
for  C02/CH4  separation  are  generally  moderate  so  that  concentration 
polarization  will  not  be  an  issue  in  biogas  upgrading. 

7.4.  Real  gas  behavior 


Since  the  biogas  is  delivered  at  high  pressures  to  the  natural 
gas  grid,  the  real  gas  behavior  of  the  gas  components  has  to  be 


Fig.  5.  Various  thermodynamic  and  physical  phenomena  influencing  module 
performance  in  the  gas  permeation  process. 


Table  6 

Comparison  of  different  membrane  module  designs  to  be  applied  to  gas  permeation. 


Supplier 

Module  type 

Polymer 

Air  Liquide  Medal 

Hollow  fiber 

Polyimide,  polyaramide 

Air  products 

Hollow  fiber 

Polysulfone 

GMT  Membrantechnik 

Envelope  type 

Poly( ethylene  oxide)poly(butylene  therephthalate) 

Evonik 

Hollow  fiber 

Polyimide 

IGS  Generon  Membrane  Technology 

Hollow  fiber 

Tetrabrome  polycarbonate 

Kvaerner  Membrane  Systems  (no  longer  active) 

Spiral  wound 

Cellulose  acetate 

MTR  Inc. 

Spiral  wound 

Perfluoro  polymer,  silicone  rubber 

Parker 

Hollow  fiber 

Polyphenylene  oxide 

Praxair  (no  longer  active) 

Hollow  fiber 

Polyimide 

UBE  Membranes 

Hollow  fiber 

Polyimide 

UOP  former  Grace 

Spiral  wound 

Cellulose  acetate 
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taken  into  account  [63].  In  particular,  C02  has  a  pronounced  real 
gas  behavior  and  the  permeation  of  C02  is  reduced  by  real  gas 
behavior.  This  effect  increases  with  increasing  pressure.  More 
information  on  the  influence  of  real  gas  behavior  on  gas  permea¬ 
tion  can  be  found  in  [68]. 

7.5.  Plasticization  of  polymeric  membrane  materials 

It  is  a  well  known  fact  that  high  C02  partial  pressure  causes 
significant  sorption  of  C02  in  the  polymer  matrix,  translating  to 
increased  polymer  chain  mobility  [69-73],  which  is  referred  to  as 
plasticization.  Thus,  the  mass  transport  for  all  gas  species  through 
the  membrane  is  enhanced.  Moreover,  plasticization  significantly 
reduces  the  selectivity  of  the  gas  permeation  material.  Hence,  it  is 
essential  to  apply  polymers  with  high  selectivities  as  well  as  high 
plasticization  resistance. 

8.  Gas  permeation  processes 

8.  \ .  Driving  force  generation 

In  gas  permeation,  the  driving  force  of  permeation  is  the 
partial  pressure  difference  A p{  of  the  gas  components  from  the 
feed  side  to  the  permeate  side: 

Api=xi-pF-yrpP.  (2) 

Thus  in  gas  permeation,  three  different  methods  can  be  applied  to 
generate  the  driving  force:  feed  compression,  a  vacuum  on  the 
permeate  side,  and  the  application  of  a  sweep  gas  on  the  permeate 
side.  Fig.  6  illustrates  these  various  methods.  On  the  left  side  of 
Fig.  6,  a  gas  permeation  process  is  presented  in  which  the  feed  is 
compressed  and  the  permeate  side  operates  at  ambient  pressure. 
The  feed  gas  which  is  fed  to  the  gas  permeation  module  remains 
pressurized  as  it  flows  through  the  module  and  leaves  the  module 
upgraded  as  retentate  stream.  Hence,  the  natural  gas  pipeline 
pressure  is  generated  by  the  compressor,  which  provides  the  driving 
force  for  permeation. 

The  central  part  of  Fig.  6  depicts  a  gas  permeation  process 
which  applies  subambient  pressure  on  the  permeate  side  of  the 
gas  permeation  module  to  provide  the  driving  force  of  permea¬ 
tion.  This  process  configuration  is  particularly  efficient  if  small 
amounts  of  gas  have  to  be  removed  from  the  bulk  streams  and  the 
components  to  be  removed  permeate  quickly  through  the  mem¬ 
brane.  However,  the  generated  pressure  ratio  is  limited,  due  to  a 
minimum  applicable  pressure  of  0.2  bar  [74].  Moreover,  the 
upgraded  biogas  is  not  pressurized  and  an  additional  compressor 
is  required  to  supply  the  gas  at  natural  gas  grid  pressure. 

Using  a  sweep  stream  on  the  permeate  side  can  be  used  to 
generate  the  driving  force  of  permeation,  which  is  shown  on  the 
right  side  of  Fig.  6.  Here,  the  permeate  stream  is  diluted,  so  that 
the  concentration  of  the  fast  permeating  components  is  reduced 
[75].  The  raw  gas,  the  product  gas,  or  an  inert  gas  can  be  used  as 
sweep  gas  and  it  has  to  be  chosen  carefully  as  it  influences  the 


plant  economics.  However,  using  a  sweep  stream  can  be  ineffi¬ 
cient  if  the  permeate  is  the  product  since  the  sweep  gas  contam¬ 
inates  the  permeate  stream. 

Applying  only  a  sweep  gas  operation  is  inappropriate,  as  only  a 
limited  driving  force  is  generated.  The  maximal  applicable  driving 
force  by  using  a  sweep  gas  is 

A pi=xi-pF-yi-pP.  (3) 

Ri  0 

For  sweep  gas  operation,  the  last  term  in  Eq.  (3)  is  approximately 
0.  Hence,  the  driving  force  is  linearly  dependent  on  the  feed 
pressure.  Without  applying  any  pressure  on  the  feed  side,  the 
driving  force  is  limited  to  a  mole  fraction  of  the  respective  gas 
components  in  the  feed  gas.  Assuming  a  pure  gas  on  the  feed  side 
at  atmospheric  pressure,  only  a  driving  force  of  1  bar  is  generated. 
In  addition,  the  feed  gas  is  not  pressurized,  so  this  has  to  be  done 
later,  prior  to  grid  injection.  However,  using  a  sweep  gas  in 
combination  with  feed  gas  compression  may  be  beneficial  if  an 
appropriate  sweep  gas  is  available  [75]. 

Using  feed  compression  may  be  efficient  since  then  the  product 
gas  is  already  pressurized.  However,  as  the  raw  gas  contains  signi¬ 
ficant  quantities  of  C02,  it  is  also  compressed  and  the  corresponding 
energy  is  lost  when  the  gas  permeates  through  the  membrane.  To 
compare  the  different  methods  of  generating  a  driving  force,  the 
required  energy  to  drive  the  process  has  to  be  evaluated. 

Fig.  7  depicts  the  specific  energy  demand  for  a  one  stage  gas 
permeation  process  as  a  function  of  the  C02  mole  fraction  in  the 
feed  gas.  Here,  the  feed  gas  is  considered  as  a  binary  mixture  of  CH4 
and  C02.  In  order  to  compare  the  operation  in  which  subambient 
pressure  on  the  permeate  side  is  used  to  the  compression  of  the  feed 
gas,  a  product  CH4  mole  fraction  of  96%  is  specified.  The  specific 
energy  demand  is  the  ratio  of  the  compressor  load  Pe i  and  the 


Fig.  7.  The  specific  energy  demand  is  plotted  as  a  function  of  the  mole  fraction  of 
C02  in  the  feed  gas.  A  high  pressure  operation  on  the  feed  side  with  a  pressure  of 
1  bar  at  the  permeate  side  is  compared  to  using  a  subambient  pressure  of  0.2  bar 
on  the  permeate  side  with  a  feed  gas  pressure  of  1.1  bar. 


Raw  gas 


CHZ 


Sweep 


C02+  Sweep 


Fig.  6.  Driving  force  generation  concepts  for  gas  permeation.  In  (a)  the  feed  gas  is  compressed  and  the  product  gas  is  pressurized.  In  (b)  the  driving  force  is  generated  by 
applying  subambient  pressure  on  the  permeate  side.  Here  the  product  gas  has  to  be  compressed  for  grid  injection.  In  process  (c)  a  sweep  stream  on  the  permeate  side  of 
the  gas  permeation  module  lowers  the  concentration  of  the  fast  permeating  components  and  thus  generates  the  driving  force. 
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Fig.  8.  The  process  equipment  for  a  membrane-based  upgrading  process.  The  raw  gas  leaving  the  fermenter  is  pressurized  up  to  the  grid  pressure  by  a  multistage 
compressor  using  interstage  cooling.  Subsequently,  the  gas  temperature  is  controlled  in  a  heat  exchanger  to  protect  the  gas  permeation  membrane  from  high 
temperatures.  In  the  gas  permeation  system,  the  raw  gas  is  split  into  a  C02  rich  stream  which  is  referred  to  as  the  permeate,  and  a  CH4  rich  stream,  which  is  the  retentate. 
The  permeate  stream  is  fed  to  an  exhaust  gas  treatment  unit  which  captures  the  components  not  to  be  fed  to  the  environment. 


product  flow  rate  hproduct, 
specific  energy  demand  =  -r-^ — 

^  product 


The  compressor  efficiency  is  assumed  to  be  0.72.  If  subambient 
pressure  on  the  permeate  side  is  applied,  the  pressure  is  assumed  to 
be  0.2  bar  and  the  feed  pressure  is  assumed  to  be  1.1  bar.  When 
compression  of  the  feed  side  is  applied  to  generate  the  driving  force, 
the  feed  pressure  in  the  gas  permeation  module  is  1 6  bars.  In  both 
cases,  the  pressure  losses  of  the  membrane  module  are  neglected  as 
the  pressure  losses  are  low  [63].  The  permeate  pressure  is  fixed  at  an 
ambient  pressure  of  1  bar. 

Fig.  7  shows  that  applying  subambient  pressure  on  the  permeate 
side  is  favorable  for  C02  mole  fractions  in  the  feed  of  less  than  15%.  If 
the  C02  mole  fraction  is  higher  than  15%,  feed  compression  should 
be  applied.  For  both  a  subambient  pressure  on  the  permeate  side 
and  applying  high  pressures  on  the  feed  side,  the  specific  energy 
demand  strongly  increases  with  increasing  C02  load  in  the  feed  gas. 
Concerning  biogas  upgrading,  in  which  the  feed  gas  typically 
consists  of  30-50%  C02,  compression  of  the  feed  gas  is  beneficial. 

In  conclusion,  when  upgrading  biogases  containing  C02  mole 
fractions  of  more  than  20%  feed  gas,  compression  should  be  applied. 
However,  this  is  a  rough  estimate  and  should  be  used  only  as  an 
indicator.  Three  aspects  have  been  neglected.  First,  a  membrane- 
based  biogas  upgrading  process  would  not  consist  of  a  single  stage 
process,  as  CH4  losses  are  pronounced  and  strongly  degrade  the 
economic  efficiency  of  the  process.  Second,  the  compressors  are 
modeled  as  one  stage  compressors  without  interstage  cooling. 
Normally,  a  three  stage  compressor  with  interstage  cooling  would 
be  applied  if  the  gas  is  to  be  pressurized  up  to  16  bar.  Biegler  et  al. 
[76]  gave  a  rule  of  thumb  for  determining  the  number  of  compressor 
stages  N : 


P,< 
Pk- 1 


Here,  Pk/Pfc_ i  is  the  pressure  ratio  per  compression  stage,  which 
ranges  typically  between  1.15:1  and  4:1  (see  Table  7)  and  Pn/Po  is 
the  pressure  ratio  for  the  whole  compression  process.  Third,  using 
subambient  pressure  on  the  permeate  side  delivers  the  product  gas 
at  1.1  bar.  Hence,  an  additional  compressor  has  to  supply  the 
pressure  to  inject  the  gas  into  the  natural  gas  grid. 


8.2.  Process  equipment 


Table  7 

Comparison  of  various  compressors  which  could  be  applied  for  generating  the 
driving  force.  These  compressors  are  evaluated  in  terms  of  pressure  level,  flow 
rate,  and  resistance  against  acidic  gases.  Adapted  from  [77]. 


Axial 

Centrifugal 

Reciprocal 

Pressure  25  bar 

— 

+ 

+ 

Flow  rate  100-2000  m3/h 

+ 

— 

+ 

Pressure  ratio 

1.15:1 

1. 7:1-3. 1:1 

3:1-4:1 

Particle  tolerance 

— 

— 

— 

Liquid  tolerance 

— 

— 

— 

Changes  in  gas  composition 

— 

— 

+ 

Efficiency 

Up  to  90% 

0.83% 

80%-92% 

Appropriate  for  biogas 

— 

— 

+ 

the  gas  permeation  modules,  and  the  off  gas  treatment.  The 
membrane  modules  have  explicitly  been  described  in  Section  6. 

8.2.1.  Compression  equipment 

There  are  various  types  of  compressors  for  generating  the  driving 
force:  axial  compressors,  centrifugal  compressors,  and  reciprocal 
compressors.  These  compressors  are  frequently  applied  in  the 
process  industry  as  well  as  in  the  energy  generation  industry. 
However,  the  applications  of  these  compressors  are  limited  by  the 
pressure  level  to  be  generated  and  by  the  volume  stream  to  be 
compressed.  As  the  process  conditions  may  be  harsh,  due  to 
elevated  H2S  and  H20  concentrations  at  high  pressures,  the  com¬ 
pressors  have  to  be  resistant  to  the  gases  which  are  compressed. 

Table  7  summarizes  the  criteria  which  have  to  be  met  by  the 
compression  equipment  in  order  to  compress  a  raw  biogas 
stream.  Typical  raw  gas  flow  rates  of  industrial  scale  biogas 
upgrading  plants  range  from  100  m3/h  to  2000  m3/h. 

8.2.2.  Heat  exchanger 

A  heat  exchanger  is  required  to  control  the  gas  temperature  at 
the  gas  permeation  module  inlet.  Due  to  the  compression  of  the 
gas  prior  to  the  membrane  system,  the  gas  temperature  increases 
significantly  and  hence  the  membranes  have  to  be  protected 
against  high  temperatures.  In  general,  both  plate  heat  exchangers 
as  well  as  shell  and  tube  heat  exchangers  can  be  used.  Due  to  the 
higher  packing  density  and  the  application  at  high  pressures  of 
more  than  20  bar,  it  is  recommended  to  use  a  shell  and  tube  heat 
exchanger  in  biogas  upgrading. 


By  upgrading  biogas  using  gas  permeation  modules,  at  least  four 
process  steps  are  required,  using  as  equipment:  the  compression 
equipment,  the  membrane  modules,  a  heat  exchanger  upstream  of 


8.2.3.  Offgas  treatment 

The  exhaust  gas  leaving  the  membrane-based  biogas  upgrad¬ 
ing  system  consists  mainly  of  C02.  However,  significant  amounts 
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of  H2S,  H20,  and  CH4  are  present  in  the  off  gas,  which  cannot  be 
fed  to  the  ambient.  The  off  gas  has  to  meet  strict  environmental 
standards  [5]  and  particularly,  the  CH4  content  has  to  be  reduced. 

The  CH4  content  in  the  off  gas  determines  the  selection  of  the 
appropriate  exhaust  gas  treatment  method.  At  low  CH4  concentra¬ 
tion  (  <  2%),  a  thermal  oxidation  can  be  applied  to  reduce  the  CH4 
content  [5].  At  low  CH4  concentrations,  the  combustion  has  to  be 
supported  by  a  combustible  gas.  At  elevated  CH4  (2-6%)  concentra¬ 
tions,  either  a  thermal  or  a  catalytic  oxidation  can  be  used. 

Various  tailor-made  burners  have  recently  been  developed,  e.g., 
the  FLOX  l!  -burner  and  the  catalytic  combustion  system  ZETECH4 
(CarboTech,  Germany)  [5].  For  driving  the  FLOXR  -burner  (e-flox 
GmbH,  Germany),  a  CH4  concentration  of  more  than  7%  is  required. 
At  low  CH4  concentration,  of  less  than  0.4%,  the  recuperative  and  the 
catalytic  burner  of  Caverion  (Caverion  GmbH,  Germany)  is  able  to 
reduce  the  CH4  content. 


The  permeate  mole  fraction  of  C02  depends  on  the  pressure 
ratio,  which  is  the  ratio  of  the  feed  pressure  pF  to  the  permeate 
pressure  pP, 

<!>  =  %-■  (6) 

Pp 

Fig.  1 1  shows  the  mole  fraction  of  C02  as  a  function  of  the  applied 
pressure  ratio.  The  simulations  were  performed  for  a  binary  mixture 
of  C02  and  CH4  with  mole  fraction  of  50/50.  The  permeate  pressure 
is  1  bar  and  the  retentate  purity  of  CH4  is  fixed  at  96%.  The  dashed 
lines  in  Fig.  1 1  depict  the  interface  between  the  regime  in  which  the 
gas  permeation  process  is  selectivity  controlled  and  the  region 
where  the  pressure  ratio  most  significantly  influences  the  C02  mole 
fraction  in  the  permeate.  This  interface  between  the  two  regions  is 
specified  by  90%  of  the  permeate  mole  fraction  of  C02  at  an  infinite 
pressure  ratio  which  can  be  determined  by  [65] 


8.3.  Single  stage  gas  permeation  processes  for  biogas  upgrading 


(XXCo2 

\/  —  - 

2  1  — Xco2  +  0CXco2 


at  (</>  =  oo). 


Fig.  9  illustrates  two  single  stage  gas  permeation  processes  for 
upgrading  biogas.  The  process  on  the  left  hand  side  is  the  most 
simple  gas  permeation  process  to  remove  C02  from  CH4.  However, 
the  CH4  losses  applying  this  process  are  high  and  determined  by 
selectivity.  The  process  on  the  right  side  shows  a  single  stage 
process  with  a  partial  recycling  of  the  permeate  stream.  Applying 
this  process,  the  CH4  recovery  increases  significantly  [57].  Never¬ 
theless,  the  CH4  recovery  is  limited  and  cannot  reach  values  of  more 
than  95%  if  a  CH4  purity  of  96%  has  to  be  achieved.  In  addition,  the 
partial  recycling  of  the  permeate  stream  drastically  increases  the 
flow  rate  through  the  compressor  and  hence  increases  the  energy 
demand  for  driving  the  separation  process.  Details  on  single  stage 
processes  were  investigated  by  Jaeschke  and  Ajhar  [49]. 

Fig.  10  illustrates  the  tradeoff  between  CH4  recovery  and  CH4 
purity.  Here,  the  CH4  purity  is  plotted  as  a  function  of  CH4 
recovery  for  C02/CH4  selectivities  ranging  from  20  to  100.  The 
CH4  product  mole  fraction  increases  with  decreasing  CH4  recov¬ 
ery.  However,  the  separation  performance  is  dependent  on  the 
membranes  selectivity.  The  higher  the  selectivity,  the  higher  the 
CH4  product  mole  fraction  for  a  specific  CH4  recovery.  If  a  CH4 
recovery  of  96%  is  considered,  the  CH4  mole  fraction  in  the 
retentate  is  66%  for  a  selectivity  of  20  and  79%  for  a  selectivity 
of  40.  However,  for  96%  CH4  recovery,  the  CH4  product  mole 
fraction  is  91%  for  a  selectivity  of  80  and  93%  for  a  selectivity  of 
100.  Thus,  the  effect  of  membrane  selectivity  is  less  pronounced 
when  high  selectivities  are  considered.  Today,  commercially 
available  membrane  materials  have  C02/CH4  selectivities  of  about 
20  [28].  Furthermore,  to  take  advantage  of  highly  selective 
membranes,  high  pressure  ratios  have  to  be  provided  which  is 
energy  demanding  [78].  Hence,  membranes  with  selectivities  of 
more  than  100  cannot  efficiently  be  applied. 


Here,  xCo2  is  the  C02  mole  fraction  on  the  feed  side  of  the  gas 
permeation  module  and  a  the  ideal  separation  factor.  In  Table  8 
these  values  are  determined  for  various  C02/CH4  selectivities. 

For  biogas  upgrading,  where  pressure  ratios  of  more  than  16 
and  selectivities  of  more  than  40  are  used,  it  is  likely  that  the  gas 
permeation  modules  operate  in  the  selectivity  controlled  region. 
However,  applying  single  stage  gas  permeation  processes  is 
inefficient,  due  to  significant  CH4  losses.  Multistage  gas  permea¬ 
tion  processes  can  be  applied  to  tackle  this  drawback. 


Fig.  10.  Trade  off  between  CH4  purity  and  CH4  recovery  for  the  separation  of  50% 
C02  and  50%  CH4.  The  curves  are  presented  for  C02/CH4  selectivities  ranging  from 
20  to  100.  The  target  value  for  biogas  upgrading  is  illustrated. 


Fig.  9.  Single  stage  membrane-based  biogas  upgrading  process  using  feed  compression.  Process  (a)  the  permeate  flows  to  the  ambient.  Process  (b)  the  permeate  is  partially 
recycled  to  enhance  the  CH4  recovery. 
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8.4.  Multistage  processes 

Applying  various  membrane  modules  in  a  multistage  system  is 
a  strategy  to  obtain  high  product  purity  and  simultaneously 
increase  the  CH4  recovery  of  the  upgrading  system.  Fig.  12  depicts 
four  different  two  stage  upgrading  processes. 

In  process  (a),  the  first  module  removes  C02  from  the  raw 
biogas  gas.  However,  the  CH4  purity  of  the  gas  leaving  the  first  gas 
permeation  stage  is  lower  than  the  required  CH4  purity  for  grid 
injection.  In  order  to  purify  the  CH4  stream,  a  second  membrane 
module  is  applied,  which  controls  the  product  purity.  However, 


Fig.  11.  Permeate  mole  fraction  of  C02  as  a  function  of  pressure  ratio  for  selectivities 
ranging  from  20  to  100.  The  dashed  line  specifies  the  interface  between  the  regions 
where  the  operation  is  selectivity  controlled  and  where  pressure  ratio  controlled. 


Table  8 

Calculation  of  the  maximal  C02  mole  fraction  in  the  permeate  at  an  infinite 
pressure  ratio.  90%  of  the  maximal  value  indicate  the  interface  between  the 
pressure  ratio  controlled  regime  and  the  selectivity  controlled  regime. 


Selectivity 

Max.  C02 

90%  of  max.  C02 

20 

0.952 

0.857 

40 

0.976 

0.878 

60 

0.984 

0.885 

80 

0.988 

0.889 

100 

0.990 

0.891 

the  permeate  stream  of  the  second  gas  permeation  module 
contains  significant  amounts  of  CH4  and  this  stream  is  recycled 
to  enhance  the  CH4  recovery. 

In  process  (b),  which  was  investigated  by  Deng  and  Hagg  [6], 
the  required  CH4  purity  is  obtained  in  one  step.  However, 
significant  amounts  of  CH4  permeate  through  the  membrane 
and  a  second  gas  permeation  module  is  applied  to  recover  it.  A 
second  compressor  is  required  to  generate  the  driving  force  of 
permeation  for  the  second  gas  permeation  module.  The  CH4  rich 
stream  of  the  second  module  is  recycled  in  front  of  the  first  stage 
compressor  and  is  mixed  with  the  raw  gas. 

Process  (c)  is  related  to  process  (b)  [6].  Here,  the  CH4  rich 
stream  obtained  from  the  second  membrane  stage  is  purified  to 
meet  the  required  purity  for  grid  injection.  This  stream  is  mixed 
with  the  CH4  rich  stream  from  the  first  stage. 

In  process  (d)  both  using  a  sweep  stream  as  well  as  compressing 
the  raw  gas  are  applied  to  generate  the  driving  force  of  permeation. 
Here,  the  raw  biogas  is  used  as  a  sweep  gas  to  increase  the  driving 
force  in  the  second  membrane  module.  This  process  design  is  similar 
to  that  of  process  (a).  The  application  of  the  sweep  stream  is  only 
useful  if  the  C02  mole  fraction  of  the  permeate  of  the  second  module 
is  higher  than  the  C02  mole  fraction  of  the  feed  stream.  Hence,  the 
sweep  gas  reduces  the  C02  mole  fraction  on  the  permeate  side  of  the 
second  module.  The  driving  force  increases  and  less  membrane  area 
is  required. 

Fig.  13  shows  a  three  stage  biogas  upgrading  process  [79].  This 
process  is  similar  to  process  (d)  in  Fig.  12.  The  unpressurized  raw  gas 
is  mixed  with  the  permeate  of  module  3.  It  is  important  that  mixing 
the  raw  gas  stream  with  the  permeate  improves  the  process  by 
diluting  the  permeate  stream  of  module  2.  Accordingly,  less  mem¬ 
brane  area  is  required  without  increasing  the  recycle  stream. 

In  Fig.  14  a  three  stage  membrane  process  is  shown  which  was 
recently  patented  by  Evonik  Industries  [81].  In  this  process 
polymeric  membranes  are  applied  which  have  C02/CH4  selectiv¬ 
ities  of  more  than  50.  In  the  first  stage  the  bulk  of  C02  is  removed 
from  CH4.  The  retentate  of  the  first  stage  is  fed  to  a  second  stage 
in  which  the  final  CH4  purity  is  adjusted.  The  permeate  of  the 
second  stage  contains  significant  amounts  of  CH4.  To  increase 
the  CH4  recovery  the  permeate  stream  is  recycled  and  mixed 
with  the  raw  gas  stream.  In  order  to  further  increase  the  CH4 
recovery  the  permeate  of  the  first  stage  which  contains  only  a 
small  fraction  of  CH4  is  fed  to  a  third  gas  permeation  stage.  Here, 
the  C02  permeates  through  the  membrane  and  it  leaves  the 
process  as  exhaust  gas.  The  retentate  stream  which  is  enriched 
in  CH4  is  recycled  and  mixed  with  raw  gas  stream.  The  driving 


a 


b 


— ► 

Fig.  12.  Two  stage  processes  for  biogas  upgrading.  In  process  (a)  only  one  compressor  is  required  and  the  permeate  of  the  second  stage  is  recycled.  Process  (b)  requires  two 
compressors  and  the  retentate  of  the  second  stage  is  recycled.  In  process  (c)  two  compressors  are  required  and  the  retentate  of  the  second  stage  is  mixed  with  the  retentate 
of  the  first  stage.  In  process  (d)  the  feed  gas  is  used  as  a  sweep  gas  on  the  permeate  side  of  the  second  module.  Here  only  one  compressor  is  required. 
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Fig.  13.  Flowsheet  of  a  three  stage  gas  permeation  process  proposed  by  Makaruk  and  Harasek  [79].  Here,  the  feed  is  used  as  a  sweep  gas  to  increase  the  driving  force  by 
mixing  the  permeate  of  the  third  module  and  the  raw  gas. 


Table  9 

Various  gas  permeation  upgrading  processes  are  compared  in  terms  of  energy  demand,  CH4  recovery,  required  membrane  area,  and  specific  upgrading  costs.  Permeance  of 
C02  66.67  GPU;  Permeance  of  CH4  2.08  GPU. 


CH4  recovery 

Specific  energy 
(kW  h/m3) 

Specific  area 
(m2  h/m3) 

Upgrading  costs 
(Euro  ct  h/m3) 

Supply  pressure 
(bar) 

Ref. 

Single  stage 

0.855 

0.277 

1.70 

0.228 

20 

[6] 

Two  stage  (Fig.  12  process  (a)) 

0.957 

0.318 

1.92 

0.220 

20 

[6] 

Two  stage  (Fig.  12  process  (b)) 

0.997 

0.286 

1.69 

0.201 

20 

[6] 

Two  stage  (Fig.  12  process  (c)) 

0.973 

0.295 

1.57 

0.206 

20 

[6] 

Fig.  14.  Hybrid  processes  for  biogas  upgrading,  (a)  depicts  a  hybrid  process  in 
which  the  membrane  removes  the  bulk  of  C02  and  the  conventional  process 
equipment  further  polishes  the  gas  stream.  In  (b)  the  conventional  gas  separation 
equipment  is  used  to  recover  the  CH4  lost  in  the  permeate  of  the  membrane  stage. 

force  for  permeation  in  the  third  membrane  stage  is  generated  by 
a  pressure  control  valve  which  adjusts  the  pressure  on  the 
permeate  side  of  the  first  stage  and  the  pressure  on  the  feed  side 
of  the  third  stage  simultaneously. 

By  applying  this  process  CH4  recoveries  of  more  than  99%  can 
be  obtained  while  the  CH4  purity  is  higher  than  96  %.  The  high 
CH4  recovery  is  generally  obtained  on  cost  of  the  increased 
recycle  stream.  However,  an  increased  membrane  selectivity 
reduces  the  recycle  stream.  In  fact  this  process  is  momentarily 
commercialized  by  several  companies  (EnviTec  Biogas  AG,  MT- 
BioMethan  GmbH)  and  process  data  such  as  specific  energy 
demand  for  industrial  size  upgrading  plants  based  on  the  three 
stage  membrane  configuration  will  be  available  soon.  Thus  we 
will  not  include  it  in  the  following  evaluation  (see  Table  9). 

Table  9  evaluates  the  various  multistage  processes  in  terms  of 
CH4  recovery,  specific  energy  demand,  specific  membrane  area 
requirement,  as  well  as  in  terms  of  specific  upgrading  costs.  Process 
(b)  from  Fig.  12  has  the  lowest  upgrading  costs  and  the  highest  CH4 
recovery.  Compared  to  conventional  process  technology  presented  in 
Table  3  the  membrane  processes  consume  slightly  more  energy  than 
the  conventional  processes.  The  specific  upgrading  costs  are  higher 
than  the  upgrading  costs  for  conventional  upgrading  equipment. 
Nevertheless,  using  a  membrane  system  the  product  gas  is  supplied 
at  natural  gas  grid  pressure  so  that  no  additional  compression  is 
required.  In  conventional  processes,  the  gas  is  supplied  at  low  to 
moderate  pressure.  Thus,  the  energy  and  the  costs  for  compression  to 
grid  pressure  are  not  included  in  the  specific  energy  demand  and  the 
upgrading  costs.  Therefore,  the  total  upgrading  costs  including 
the  compression  to  grid  pressure  should  be  used  to  compare  the 


different  technologies  and  thus  membrane-based  systems  become 
more  attractive. 


8.5.  Hybrid  processes 

Gas  permeation  processes  are  quite  efficient  for  moderate 
purification  of  gases  [37].  To  obtain  high  purity  products  from  a 
gas  permeation  module  requires  either  a  large  membrane  or  strong 
driving  forces,  which  translates  to  significant  operational  costs. 
Hybrid  processes  in  which  membrane  technology  is  combined  with 
conventional  gas  separation  equipment  may  be  superior  to  the 
individual  processes  in  which  only  one  single  technology  (i.e.,  amine 
scrubbing,  membrane  technology)  is  applied  [28]. 

Fig.  14  illustrates  two  hybrid  processes  for  biogas  upgrading.  In 
process  (a),  the  gas  permeation  module  is  used  to  perform  the  bulk 
separation  of  C02  and  CH4  so  that  only  moderate  CH4  purities  are 
obtained  from  the  membrane  module.  The  conventional  process 
equipment  downstream  of  the  gas  permeation  module  polishes  the 
CH4  stream.  Two  exhaust  gas  streams  enriched  in  C02  are  generated. 

In  process  (b),  the  gas  permeation  module  is  applied  to  obtain  the 
CH4  purity  in  a  single  membrane  stage.  However,  as  demonstrated 
in  Section  8.3,  the  permeate  stream  contains  significant  quantities 
of  CH4,  which  should  be  recovered.  The  permeate  stream  from  the 
membrane  stage  flows  to  the  conventional  gas  separation  equip¬ 
ment.  Here,  the  size  of  the  equipment  is  small,  as  the  permeate 
stream  is  generally  less  than  50%  of  the  raw  gas  stream.  The 
recovered  CH4  can  be  pressurized  and  mixed  with  the  product  from 
the  gas  permeation  module. 


8.6.  Upgrading  combined  with  utilization  in  combined  heat  and 
power  engines 

Gas  permeation  processes  can  be  linked  efficiently  with  combined 
heat  and  power  engines  [80].  Here,  the  permeate  of  the  membrane 
stage  contains  CH4  for  driving  the  combined  heat  and  power  engine. 
This  option  is  quite  promising,  as  the  heat  generated  at  the  engine 
can  be  used  efficiently  for  heating  the  fermentation  process.  A 
detailed  investigation  of  such  a  process  was  recently  carried  out  by 
Makaruk  et  al.  [80]. 
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Table  10 

Installed  membrane-based  biogas  upgrading  plants. 


Country 

Location 

Operating  since 

Product  stream 

(m3/h) 

The  Netherlands 

Collendoorn 

1990 

25  (today  375) 

The  Netherlands 

Beverwijk 

2006 

80 

US 

Raeger  (PA) 

2006 

4721a 

US 

Johnson  City  (TN) 

2006 

2361a 

Austria 

Bruck  an  der  Leitha 

2007 

100 

US 

Kersey  (PA) 

2007 

14,164a 

US 

Imperial  (PA) 

2007 

7082a 

US 

Cairnbrook  (PA) 

2007 

4721a 

US 

Davidsville  (PA) 

2007 

2361a 

US 

Oklahoma  City  (OK) 

2008 

2361a 

US 

Church  Hill  (TN) 

2008 

2361a 

US 

Winder  (GA) 

2008 

7082a 

US 

Atlanta  (GA) 

2009 

8263a 

US 

Seattle  (WA) 

2009 

18,886a 

Germany 

Kisslegg-Rahmhaus 

2010 

300 

The  Netherlands 

Witteveen 

2010 

200 

US 

Pittburgh  (PA) 

2010 

4721a 

US 

New  Orleans  (LA) 

2010 

10,623a 

Austria 

Wiener  Neustadt 

2011 

120 

Austria 

Neunkirchen 

2011 

10 

US 

Athens  (TN) 

2011 

3541a 

US 

San  Diego  (CA) 

2011 

2361a 

US 

Fresno  (CA) 

2011 

2361a 

Norway 

Lillehammer 

2012 

30 

a  Raw  gas  flow  rate. 


9.  Installed  membrane-based  biogas  plants 

Although  membranes  show  remarkable  performance  in 
upgrading  biogas,  only  a  limited  number  of  membrane-based 
upgrading  plants  have  been  installed.  Table  10  describes  the 
plants  which  have  been  installed  in  the  last  few  years  in  Europe 
and  the  US.  In  principle,  two  categories  of  biogas  upgrading  plants 
are  distinguished:  commercial  plants  and  plants  installed  for 
research. 

9.2.  Membrane-based  upgrading  plants  in  research  and 
development 

In  1989,  Rautenbach  and  Welsch  [46,81]  constructed  a  biogas 
upgrading  plant  which  operated  for  more  than  two  years  at  a  landfill 
in  Germany.  The  flow  rate  of  the  raw  gas  was  200  m3(STP)/h  and  the 
gas  was  supplied  to  the  natural  gas  grid  at  35  bar.  Polyimide  hollow 
fiber  modules  (UBE  Industries)  with  an  area  of  700  m2  were 
installed.  They  analyzed  various  multistage  processes  and  identified 
a  two  stage  cascade  with  a  recycle  of  the  second  step  permeate  as  a 
simple  and  reliable  upgrading  process  (see  Fig.  12  process  (a)).  In 
addition,  they  analyzed  the  influence  of  the  Joule-Thomson  effect  on 
the  permeation  performance. 

Stern  et  al.  [48]  built  a  membrane-based  biogas  upgrading 
plant  which  was  installed  to  upgrade  gas  generated  by  a  muni¬ 
cipal  waste  water  treatment  plant.  The  flow  rate  was  3.4  m3(STP)/ 
h  and  the  CH4  mole  fraction  of  the  feed  gas  was  63%  balanced 
with  C02  and  small  amounts  of  organic  compounds.  However,  the 
raw  gas  was  compressed  to  55  bar  to  supply  both  the  pressure  to 
drive  the  separation  process  and  the  required  grid  pressure.  A 
single  stage  process  was  implemented,  to  investigate  the  separa¬ 
tion  performance  of  the  gas  permeation  modules. 

Makaruk  and  Harasek  [80,82]  presented  experimental  results 
from  a  gas  permeation  plant  which  produces  natural  gas  sub¬ 
stitute  for  utilization  as  fuel  gas  and  for  grid  injection.  A  two  stage 
membrane  cascade  was  installed  with  recycling  of  the  second 
stage  permeate  (see  Fig.  12  (a)).  The  upgrading  plant  produces 
100  m3(STP)/h  with  a  methane  purity  of  98%. 


9.2.  Commercial  membrane-based  upgrading  plants 

In  Europe  only  a  limited  number  of  membrane-based  biogas 
upgrading  plants  exist.  Recently,  some  plants  were  installed  using 
polymeric  membrane  materials.  In  the  US,  various  membrane-based 
upgrading  plants  were  installed  by  Air  Liquide.  Here,  a  short  over¬ 
view  of  the  existing  plants  is  given. 

The  first  commercial  gas-permeation  based  biogas  upgrading 
facility  in  Europe  was  installed  in  1990  in  Collendoorn  (The 
Netherlands).  Here,  the  raw  gas  is  produced  from  a  landfill  and 
25  m3(STP)/h  are  injected  into  the  natural  gas  grid.  Hollow  fiber 
membranes  (Cirmac)  produce  a  moderate  methane  purity  of  88%. 

In  2010,  Bebra  Biogas  installed  a  two  stage  biogas  plant  in 
Kisslegg-Rahmhaus  (Germany)  with  a  capacity  of  300  m3(STP)/h 
upgraded  biogas.  A  CH4  purity  of  98.7%  is  achieved  and  the  plant 
operates  at  feed  pressures  of  5-7  bar.  The  CH4  mole  fraction  in  the 
permeate  ranges  between  3%  and  8%.  Prior  to  the  gas  permeation 
stage,  the  gas  is  dehydrated  by  condensation  and  the  H2S  is  removed 
by  activated  carbon.  Two  stage  compression  equipment  is  installed. 

In  the  US,  the  first  membrane-based  upgrading  plant  was 
installed  in  1993  at  a  landfill  in  Los  Angeles  County  with  a  capacity 
of  2600  m3/h  raw  gas.  The  product  gas  is  used  as  fuel  and  has  a 
methane  purity  of  97.5%.  The  membranes  were  provided  by  UOP 
(Separex™). 

10.  Future  perspectives 

We  expect  that  membrane-based  biogas  upgrading  will  be  fre¬ 
quently  used  as  a  future  upgrading  technology  due  to  the  following 
facts. 

•  An  enhanced  acceptance  of  membrane  technology  by  biogas 
users,  plant  designers,  and  gas  suppliers,  caused  by  the  currently 
installed  reference  plants. 

•  Easy  and  robust  operation  as  well  as  the  energy  efficiency  of 
the  gas  permeation  system. 

•  High  CH4  recoveries,  of  more  than  99.5%. 

•  Improved  membrane  materials  with  selectivities  higher  than 
60  and  adequate  permeances. 

•  Exploration  of  the  biogas  upgrading  market  for  small  upgrad¬ 
ing  plants  (  <  100  m3(STP)/h)  where  membrane-based  biogas 
upgrading  is  particularly  efficient. 

•  The  general  trend  to  exchange  combined  heat  and  power 
engines  by  upgrading  equipment. 

•  The  great  potential  of  biogas  utilization  in  India  [83-87]  and 
Brazil  [88-90]. 

Research  challenges  in  membrane-based  biogas  upgrading  include 
the  following: 

•  Stability  against  minor  components  like  H2S. 

•  Plasticization  of  polymeric  membrane  materials  at  elevated 
C02  partial  pressures. 


11.  Conclusions 

In  this  current  study  concepts  for  membrane-based  biogas 
upgrading  processes  are  presented.  The  biogas  upgrading  process 
as  well  as  conventional  upgrading  processes  and  their  character¬ 
istics  are  presented  as  a  benchmark  for  the  membrane  process.  Gas 
permeation  processes  have  outstanding  properties  which  make 
them  superior  to  conventional  gas  separation  equipment  in  biogas 
upgrading.  However,  single  stage  membrane  processes  are  not  able 
to  upgrade  the  raw  biogas  economically  and  limits  of  the  gas 
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permeation  process  are  discussed  in  detail.  Nevertheless,  the  typical 
tradeoff  between  product  gas  purity  and  methane  recovery  can  be 
dismantled  by  applying  multistage  gas  permeation  networks.  Here, 
high  methane  purities  as  well  as  high  methane  recoveries  can  be 
realized. 

The  increased  application  of  membrane-based  biogas  upgrad¬ 
ing  in  the  future  is  expected.  The  development  of  polymeric 
membrane  materials  which  are  easy  to  manufacture  and  have 
high  C02/CH4  selectivities  will  fuel  the  application  of  gas  permea¬ 
tion  membranes.  In  addition,  many  small  scale  on-farm  combined 
heat  and  power  engines  will  be  exchanged  by  biogas  upgrading 
equipment  as  the  generated  heat  cannot  be  used  efficiently. 
Ultimately,  gas  permeation  systems  are  an  excellent  technology 
to  upgrade  biogas  as  the  upgraded  gas  is  delivered  at  natural  gas 
grid  pressure  and  no  additives  are  required  to  purify  the  raw  gas. 
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